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ABSTRACT 


o  r t  oi'  \ 

""in  vivo  oxidation  of  specifically  labeled -^^-glucose  and  the  activity  of 
selected  hepatic  enzymes  involved  in  glucose  utilization  vgete  studied  in  rats 
after  the  administration  of  glucagon,  insulin  or  epinephrine.  Compared  to  the 
controls,  glucagon  doubled  the  oxidation  of  U-JjC-glucose  and  enhanced  the 
oxidation  of  6-yf-glucose  and  2-J^-glucose  oxidation  by  about  83%,  but  did 
not  affect  oxidation  of  1-^^-glucose.  Administration  of  insulin  enhanced 
oxidation  of  U-j^-glucose  by  68%,  1-?- '^-glucose  by  71%,  and  2-yC-glucose  by 
73%,  with  no  effect  on  o-Bc  -glucose  oxidation.  Epinephrine  enhanced 
oxidation  of  6-\ic-glucose  by  38%  and  had  no  effect  on  1-  or  2-yc-glucose 
oxidation. 


Insulin  and  glucagon  produced  rapid  reciprocal  changes  in  the  activities 
of  certain  glycolytic  and  gluconeogenic  enzymes  and  in  the  activity  of  acetyl 
CoA  carboxylase,  a  key  lipogenic  enzyme.  Insulin  produced  a  rapid  increase  in 
the  activity  of  hepatic  glucokinase,  phosphofructokinase,  pyruvate  kinase  and 
glucose-6-phosphate  dehydrogenase,  and  a  rapid  decrease  in  the  activity  of 
glucose-6-phosphatase  and  fructose-1, 6-diphosphatase.  Glucagon  produced  a 
rapid  but  reciprocal  response  in  the  activity  of  these  enzymes.  In  addition, 
glucagon  enhanced  the  activity  of  phosphoenolp;>Truvate  carboxykinase.  The 
effects  of  epinephrine  \»ere  similar  to  those  p'oduced  by  glucagon.  Both 
glucagon  and  epinephrine  increasexl  the  level  of  c^’clic  AMP,  The  results  of 
this  study  suggest  that  glucagon  and  epinephrine  sli;-"'  late  the  activity  of  the 
tricdtooxylic  acid  cycle,  whereas  insulin  enhances  the  pentose  cycle.  It 
appears  that  in  vivo  glucose  utilization  depends  on  the  r^^tive 
concentrations  of  glucagon,  insulin  and  epinephrine  in  the  target  tissues\ 
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PREFACE 


A  comprehensive  study  to  delineate  metabolic  alterations  underlying 
pathologic  and  nutritional  hypoglycemia  in  humans  was  initiated  in  1979  in  the 
Departments  of  Nutrition  and  of  Medicine,  LAIR.  However,  due  to  changes  in 
the  research  program  and  the  mission  of  the  Institute,  only  the  preliminary 
phase  of  the  study  was  completed.  Tt\e  initial  phase  was  concerned  with 
hormonal  effects  on  glucose  metabolism  in  the  laboratory  rat.  The  results  are 
presented  in  the  following  report. 
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DIFFEREOTIAL  EFFECTS  OF  GLUCAGON,  INSULIN  AND  EPINEPHRINE  ON  IN 
VIVO  GLUCOSE  OXIDATION  AND  HEPATIC  ENZYME  ACTIVITY  IN  THE  RAT— Klain 


I  PRODUCTION 


Glucose  is  an  optional  substrate  for  tissues  such  as  muscle,  adipose  or 
liver  as  these  tissues  can  also  use  fatty  acids  to  satisfy  their  energy  needs. 
Glucose,  however,  is  an  obligate  substrate  for  the  central  nervous  system, 
since  under  physiological  coixlitions,  alternative  substrates  either  are 
excluded  by  the  blood-brain  barrier  or  circulate  at  concentrations  too  low  to 
be  taken  up  in  substantial  quantities.  Because  the  brain  can  neither 
synthesize  nor  store  adequate  supply  of  glucose,  normal  cerebral  function 
requires  a  continuous  supply  of  glucose  from  the  circulation.  Consequently, 
maintenance  of  the  plasma  glucose  concentration  above  some  critical  level  is 
essential  to  the  survival  of  the  brain  and  thus,  the  organism. 


Plasma  glucose  levels  in  the  maminalian  orgu:n:-:Ti  are  m'intainfd  Hy  £• 
series  of  coordinated  enzymatic  reactions  involvin;  h  ’p-itic  'si  ,3  and 

breakdown  of  glycajon.  Many  of  the  reactions  are  reversible  and  common  to  the 
synthetic  and  degradative  pathways.  These  reactions  are  always  close  to 
equilibrium  so  that  the  rate  and  direction  of  flow  of  glucose  carbons  can  be 
chanjixl  by  variations  in  the  concentrations  of  suiistrates  and/or  products  of 
the  t-'.ictions.  How.’Ver,  som.e  teictionc  of  tiie  '1  y'- ic  [Vithway  are 

displace!  far  lean  egui librium.  They  release  a  Censider  ilu  ■  amount  of  energy 
as  neat,  and  tner'.'fore,  cannot  be  easily  reverscv!.  To  ensui  e  the  flaw  o'" 
substrates  in  the  reverse  reaction,  ei.ergy  barriers  are  bypc.;.y  .-d  oy  utiie-r 
reactions  which  are  also  irreversible  and  are  catalyzed  by  different  enzymes. 
The  antagonistic  reactions  in  the  glycolytic  and  the  gluconeO'genic  pathways 
operate  simultaneously  but  at  different  rates.  >  no  irreversible  roractions 
between  glucose  and  pyruvate  are:  (a)  the  interconversion  of  glucose  and 
glucose-6-phosphate,  catalyzed  by  glucokinase  and  glucose-6-phosphatase; (b) 
the  interconversion  between  fructose-6 -phosphate  and  fructose-diphosphate 
where  phosphof rue to kinase  is  opposed  by  fructoso-diphosphatase  and  (c)  two 
separate  reactions  at  the  pyruvate  kinase  bypass.  Pyruvate  is  carboxylated  to 
oxaloacetate  in  a  reaction  involving  ATP  hydrolysis  and  catalyzed  by  pyruvate 
carboxylase.  Conversion  of  oxaloacetate  to  pnosphoenolpyruvate  involves  a 
decarboxylation  and  phosphate  transfer  from  either  guanosine  tr ipiiosphate  or 
inosine  5 '-triphosphate,  which  is  catalyzed  by  phosphoenolp^Tuvate 
carboxykinase. 
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The  activity  of  these  key  enzymes  may  be  modulated  by  various  metabolic 
mechanisms,  including  the  action  of  hormones.  Hormonal  effects  may  be  short¬ 
term  or  long-term.  The  former  may  be  achieved  by  affecting  enzyme  activity 
without  changing  the  amount  of  enzyme  present.  The  latter  may  meet  the 
functional  needs  of  the  organism  by  producing  additional  enzyme  by 
biosynthesis  and  by  changing  the  degradation  rates.  Tliese  metabolic  control 
mechanisms  enable  the  organism  to  ratiove  and  conserve  glucose  efficiently  Iran 
the  blood  stream  when  the  intake  exceeds  the  danand  and  to  rapidly  form 
glucose  from  non-carbohydrate  sources  when  the  need  arises.  The  main  hormones 
affecting  the  key  enzymes  of  glucose  metabolism  are  insulin,  glucagon  and 
epinephrine,  and  on  a  slower  time  scale,  the  growth  hormone  and  adrenal 
corticoids  (1) . 

In  the  course  of  glucose  metabolism  via  the  major  metabolic  pathways, 
specific  glucose  carbons  can  be  oxidized  and  expired  as  These 

observations  have  been  utilized  to  estimate  the  contribution  of  uie  pentose 
cycle  to  glucose  metabolism  (2).  Several  studies  have  danonstrated  that  the 
homiones  have  marked  effects  on  glucose  oxidation  and  that  these  effects  are 
associated  with  specific  tisues  or  organs.  Thus,  glucagon  reduces  U-C^'^- 
glucose  oxidation  both  in  perfused  rat  liver  (3,4)  and  in  rat  liver  slices 
(5,6)  but  stimulates  glucose  oxidation  in  perfused  rat  heart  (7).  The  hormone 
has  no  effect  on  glucose  oxidation  in  adipose  tissue  (8).  In  contrast  to 
glucagon,  insulin  consistently  stimulates  glucose  oxidation  in  several 
systems.  The  hormone  enhances  U-C^'*-glucose  oxidation  in  rat  epididymal 
adipose  tissue  (9) ,  but  oxidation  of  C-1  of  glucose  is  stimulated  to  a  greater 
extent  than  oxidation  of  C-6  (10,11).  Similar  observations  were  reported  in 
studies  with  mammary  gland  preparations  (12).  Administration  of  insulin  to 
diabetic  rats  restores  hepatic  oxidation  of  1-C^'^-glucose  and  6-C^'^-glucose  to 
the  level  observed  in  control  rats  (13) .  The  hormone  also  stimulates 
oxidation  of  U-C^ '^-glucose  in  rat  diaphragm  preparations  (14,15).  Exogenous 
insulin  temporarily  enhances  in  vivo  oxidation  of  U-C^'^-glucose  in  fed, 
fasted,  or  refed  rats  (16,17)  and  of  1-C^‘^-glucose  in  fed  rats  (18). 
Epinephrine  decreases  U-C^'^-glucose  oxidation  in  liver  slices  from  fed, 
fasted,  or  refed  rats  (5).  No  epinephrine  effect  was  observed  in  rat 
thymocytes  (19) . 

Beyonl  these  observations,  little  is  known  about  the  impact  of  the  three 
hormones  on  glucose  oxidation  in  the  intact  animal.  Since  these  hormones 
regulate  the  major  metabolic  pathways  of  glucose,  we  hypothesized  that  the 
hormones  would  have  pronounc^  effects  on  in  vivo  oxidation  of  specific 
carbons  of  glucose  molecules.  Accordingly,  in  the  present  study,  we  examined 
acute  effects  of  insulin,  glucagon  and  epinephrine  on  oxidation  of 
glucose,  1-^'^C,  2-^'^C  .ind  In  adtiition,  acute  hotmon.il  i'lli'cts  on 

selecttxi  stratixjic  hepitic  glycolytic  arxl  glucone(>jen  ic  enxyii'  s 
determined. 
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.MATERIAL  AND  METHODS 


Animals  and  Anesthesia  -  Male  Holtzman  rats  weighing  270-300  gm  wt-re  ust-d 
in  all  experiments.  They  were  individually  housed  at  25°C  in  stainless  steel 
wire  cages  and  fed  a  canmercial  laboratory  rat  diet.  Food  and  water  wtre 
available  at  all  times,  unless  otherwise  indicated.  The  rats  were 
anesthetized  with  pentobarbital  (50  mg/kg)  administered  intraper itoneal ly  and 
used  10  minutes  later  for  further  experimentation.  The  degree  of  anesthesia 
appeared  uniform,  as  none  of  the  rats  woke  up  and  became  active  during 
experimentation. 


Hormone  and  ^^C-glucosc  Administration  -  All  hormone  solutions  and 
glucose  dissolved  in  saline  were  administered  via  the  tail  vein.  Crystalline 
glucagon  (Eli  Lilly  and  Co.,  Indianapolis,  Ind)  was  dissolved  (1  mg/ml)  in  the 
manufacturer's  diluent  which  contained  14  mg/ml  lactose,  1.6‘i  glycerol,  and 
0.2%  phenol.  Insulin  solution  (Iletin^,  40  U/ml)  was  further  diluted,  and 
epinephrine  bitartrate  was  dissolved  in  sterile  saline.  Where  applicable, 
glucagon  was  administered  first,  follo'.ved  imirf:xliat.al y  by  insulin.  Prel  im. n  n  y 
expor  liiients  indicatex-i  that  single  injections  of  1  ug  of  epine[<':iri  cjusim 
acute  pulmonary  edena,  and  the  rats  oxpir.d  w'-,'  3  to  5  ,  i.na‘ ...is 

problem  was  not  encountered  when  2  ag  of  epinepr.r  were  adra nistera^xl  over  a 
l-mir:ute  period.  Control  rats  v.>ere  injecti^  with  t  ne  corresponding  voluT.e  of 
the  diluent.  The  group  sizes,  dosage  levels  of  fne  normcnes,  and  tlie  jxisition 
of  t  e  label  in  the  glucose  molecule  ate  indicated,  in  the  t.'blcs.  All  blood 
samples  wore  obtained  irom  the  tail  vein. 


Hoi'nonal  Flf facts  on  Plasma  Glucose  Lo'-'ols  -  A  rirea  ,1  •  rv  ■,  wi  i  ■ 

coivdiicceJ  as  fo'.lo'ws;  After  0. 1-0.2  ml  of  blool  were  coll  f  )*  jIlkw,.' 

analysis  (zero  time),  0.2  md  glucagon,  insul’n  cr  epi  noph.r  i  no  wtu  in]r-ctel 
and  flash  •:  into  the  ■.•■.■in  with  0.2  ml  of  sal:;,  ■.  .•Vlii-.i'  ::  d  1  i-  o  s.mpli. 

■we're  taken  5,  Id,  20,  30  .and  40  nunutes  loVir.  bioc.d  ’was  cei  ti.fugLd 

1600  X  g  in  a  refrigerated  centrifuge  to  obtain  pi  .isma  samples.  Plasm, i 
glucose  levels  'vvere  dot.-rmined  by  the  glucose  oxnlas  ■  method  (20). 

Hormonal  Effects  on  G1  :c:iqe  Oxidation  -  .Sp;ci  1  ical  ly  bib.!.,-';  C  ■  ‘  -  j  1  ....-o..  o 
solution  was  a.lmi  nistered  im.Tx,\i  i  .itely  follo-winj  glucijon,  insalin  ri 
epin-ephr  me  injections.  The  rat's  he.id  was  pl.jcaed  in  a  .srr.all  pi  sst.e  1  (''ie 
from  'which  the  bottom  bad  been  removed.  Air  was  di -IwTi  thr.tugh  t’>a  bet*-)  '  .i:.,] 

expired  C^'^Oj  wa.s  collecteti  in  an  aqueous  solution  of  2  s>li'jT  :r.' Ir;  >,  id-u 
Aliquots  of  The  solution  v»^'re  withdrawn  and  dilut.d  wit.i  10  mi  of  ;u..eO’,;,s 
scintillation  solution.  Rariioactivity  was  d  .'ter''.ip...*d  in  a  P  .  u  a 

sc  inr  1  1  Lit  ion  s;>jctrometer  .  At  the  en-l  of  the  r.lle-ct;on  p.  r  i  cxl ,  blocl  ..■.is 
withe. r.rwT,  into  hepirin.zevi  syringes  .ami  proo ;ss..- i  ...  b-jfnre. 


it/'-.  if -■ 

w:!-.r/wvw  w.  m-. 
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Homonal  ';n  EnzyrTK-  At'Mvity  -  Afl<-r  .itxi(nii>n  w.i;;  npiuii, 

ap[:)rox  i:natel  y  50  n>)  o!  :i'-|  iti..'  i  i  ik'  w.i:j  Mimiiii.it.  ly  i.ttiov.ii  (/.(.‘ro  liiti.-)  .ii>l 
cooltxi  in  ice-cold  saline.  A  sm  1 1  1  piece  of  .jia.'i-  w.i.s  [ilncui  ov’.'i  tii..' 
incision  and  kept  moist  ..jitn  s.iline  to  prevent  dtyin.j  of  the  surface  of  the 
liver.  Additional  liver  .s.imples  '.^re  collected  5,  10,  20  and  40  minutes  after 
the  hormonal  injection.  All  liver  s.imples  were  rind.cmly  taken  frotn  differi'nt 
peripheral  sites  of  trie  or  pit;.  Nti  s-impK^s  conti.juou.s  to  a  pteViOus  .sam.-il  i  rv] 
site  were  taken.  Ten  percent  liver  homoyenat.--s  wr^re  prepart.>d  in  0.25  M 
sucrose  solution,  usinj  in  ill-glass  tissue  !iomo..jen  i  zt-r .  An  aliquot  of  the 
homogenate  was  centrifugiif  fot  30  minutes  at  105,000  x  g  in  a  refrigerated 
centrifuge.  Enzs’me  as.s.iys  wrt-  performed  on  the  diluteii  homogenate  or  on  a 
clear  supernatant  fluid.  Tr'ie  following  methods  were  applied  for  the 
determination  of  enzyme  .I'/t i  v ;  t  les:  g lucose-O-ptiosphatase ,  the  method  of  Cori 
and  Con  (21);  giucokin  is<.-,  ’r'ne  method  of  Vinuela  et  al  (22);  fructosG-1,6- 
diphosphatase ,  the  rtteth.nl  of  Racxer  (23);  phospiiofructokinase,  the  method  of 
Lea  ar^  Walker  (24);  pyr.ivjte  kinuse,  the  method  of  Buclaer  and  Pfleiderer 
(25);  phosphoenolp'jT j'.’jt.-  c.u hoxykinase,  the  method  of  Nordlie  and  Lardy  (26) 
and  Shrago  and  Lardy  {2h:  gl jcose-6-phosphate  denydrojenase ,  fne  metliod  of 
Horecker  et  al  (28);  ic-’y!  CoA  c.irboxylase ,  the  method  of  risu  et  al  (29). 


RESULTS 


The  Hormones  and  Plasma  Glucose  Levels  -  Fran  the  zero  time  to  5  minutes 
after  administration  of  glucai-jon,  the  glucose  level  increased  by  approximately 
48%  (Table  1)  .  The  maximal  effect  occurred  10  minutes  after  glucagon 
administration.  A  marked  hyperglycemia  was  maintained  for  an  additional  30 
minutes.  The  glucose  level  5  minutes  after  insulin  administration  decreased 
by  about  52%,  when  compared  to  that  at  the  zero  time.  Thereafter,  severe 
hypoglycemia  v«s  observed  throughout  the  entire  40-minute  experimental  period. 
Plasma  glucose  levels  increased  by  approximately  25%  in  5  minutes  after 
epinephrine  administration.  Again,  the  levels  ranained  elevated  during  the 
entire  experimental  period. 


The  Hormones  and  Glucose  Oxidation  -  In  general,  the  effects  of  glucagon 
and  insulin  on  the  oxidation  of  various  glucose  carbons  were  rapid.  The 
effects  were  apparent  5  minutes  after  an  administration  of  either  hormone,  and 
persisted  throughout  the  entire  experimental  period  (Table  2).  In  comparison 
to  the  controls,  glucagon  doubled  the  1^02  prcxlue  aon  fran  U-^^C-glucose,  and 
insulin  incroas<'<l  oxidation  by  about  68%  auring  the  40-minute  experimental 
pea  rod.  When  glucagon  and  insulin  were  admini  straed  in  combination,  r'.' 
additi''e  effect  on  glucose  oxidation  was  observixl  (T-dih  2).  The  eftect  of 
each  nor  none  on  plasma  glucose  was  as  expected:  glucagon  increased  the 

glucose  level  and  insulin  decreased  it.  Insulin,  when  given  together  with 

glucajon,  reduced  the  glucose  level. 

Gluccigon  iiad  no  significant  effect  on  l-^'^C-glucose  oxilation.  In 
contrast,  insulin  enhanced  oxidation  by  about  71%  over  the  control  values,  f  - 
effect  by  insulin  v.’as  obsv,'rved  when  glucagon  and  insulin  were  ad;Tanistet&l  in 
co'-'i'ination,  indicating  that  glucagon  reversed  insulin's  effect  on  1-^‘*C- 
glucoso  oxidation.  Each  hormone  enhanced  oxidation  of  2-^'^C-glucose ,  glucagon 
by  u'uout  80%  and  insulin  by  about  68%,  wht^n  con.j;  n  ad  to  tlu  control  values. 
No  further  effect  was  observed  when  the  hormones  were  administered  in 
combination.  Glucagon  increased  oxidation  of  6-1'^C-glucose  by  83%  over  the 
controls;  insulin  had  no  effect.  Glucose  oxidation  remained  elevated  even 

after  administrat ion  of  both  hormones.  Tnus,  insulin  did  not  overcame 

glucagon  effect  on  6-^^C-glucose  oxidation.  In  general,  the  effects  of  the 
two  iiormonos  on  tlie  oxidation  of  various  glucose  carbons  wr^re  rapid.  The 
effects  wore  apparent  5  minutes  after  an  administration  of  either  hormone,  and 
persisted  throughout  the  entire  experimental  period. 
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Table  3  summarizes  the  effect  of  epinephrine  on  the  oxidation  of  specific 
carbons  of  glucose.  Compared  to  the  control  values,  epinephrine  did  not 
affect  1-1^-  or  2-14c-glucose  oxidation.  The  hormone  did  enhance  oxidation 
of  6-^^-glucose  by  about  27%  over  the  controls.  For  each  instance,  however, 
the  hormone  increased  plasma  glucose  levels  by  approximately  22%  over  the 
control  values. 


2^^  The  data  in  Table  4  show  that  fasting  alone  decreased  the  oxidation  of  1- 
C-glucose  by  about  57%  when  compared  to  data  for  the  fed  animals  (Group  3  vs 
Group  1) .  Glucagon  had  no  effect  on  the  oxidation  of  l-l^c-giucose  either  in 
the  control  or  in  the  fasting  rats.  Fasting  animals  depressed  the  oxidation 
of  6-14c-glucose  by  approximately  97%  when  compared  to  fed  animals  (Group  7 
vs.  Group  5).  As  expected,  glucagon  enhanced  6-14Q_gl^Jcose  oxidation  in  fed 
rats  (Group  6  vs.  Group  5)  .  The  hormone  also  stimulated  S-^^C-glucoso 
oxidation  in  fasted  rats  (Group  8  vs.  Group  7).  However,  this  effect  was  less 
pronounced  than  the  effect  observed  in  fed  rats.  Glucagon  increascxj  plasma 
glucose  levels  in  fed  rats.  In  contrast,  the  hormones  h.id  no  efti’cl  on 
glucose  levels  in  fasting  rats. 


The  Hormones  and  Enzyme  Activity  -  Glucagon.  Within  5  minutes  after 
injection  of  the  hormone,  there  was  a  significant  increase  in  the  activities 
of  the  key  gluconeogenic  enzymes,  glucose-6-phosphatase,  fructose-1 ,6- 
diphosphatase  and  phosphoenolpyruvate  carboxykinase  (Table  5).  In  contrast, 
the  hormone  reduced  the  activities  of  two  key  glycolytic  enzymes,  pyruvate 
kinase  and  phosphofructokinase  and  the  activities  of  glucokinase  and  acetyl 
CoA  carboxylase.  The  effect  of  glucagon  persisted  for  at  least  forty 
minutes.  The  activity  of  glucose-6-phosphate  dehydrogenase  did  not  change. 
Five  minutes  after  glucagon  administration,  a  fourfold  increase  in  the 
concentration  of  cyclic  AMP  was  observed.  This  effect  persisted  throughout 
the  entire  40-minute  exp  r imental  period. 


The  Hormones  and  Kn/.yme  Activity  -  Insulin  The  hormone  productKl  ciianges 
in  enzyme  activity  recgirocal  to  those  produced  by  glucagon  (Table  6). 
Glucokinase,  phosphofructokinase,  pyruvate  kinase,  glucoGe-6-phosphate 
dehydrogenase  and  acetyl  CoA  carboxylase  activity  increased  signi  f  iciiiitl  y 
within  five  minutes  of  insulin  administration.  In  contrast,  glucose-f>- 
phosphatase  and  fructos<'-l  ,6-diphosphatase  activity  decreascxi.  The  insulin 
effect  persisted  for  at  least  20  minutes.  The  hormone  had  no  effect  on  the 
levels  of  cyclic  AMP  or  tlie  activity  of  phosphoenolpyruvate  carboxykinase. 
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The  Hormones  and  Enzyme  Activity  -  Epinephrine  -  Epinephrine 
administration  produced  a  rapid,  significant  increase  in  the  activity  of 
Eructose-l ,6-di phosphatase  and  phosphoenolpyruvate  carboxykinase  (Table  7). 
The  hormone  reduced  the  activity  of  glucokinase,  phosphofructokinase,  pyruvate 
kinase  and  acetyl  CoA  carboxylase.  The  effect  of  epinephrine  persisted  for 
at  least  10  minutes.  The  hormone  had  no  effect  on  the  activity  of  glucose-6- 
phosphatase  or  glucose-6-phosphate  dehydrogenase.  Five  and  ten  minutes  after 
epinephrine  administration,  a  twofold  increase  in  the  level  of  cyclic  AMP  was 
observed . 
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DISCUSSION 


There  are  many  difficulties  inherent  in  interpreting  pathways  of  glucose 
metabolism  on  the  basis  of  CO_  production  from  specifically  labeled  glucose 
in  a  metabolically  active  singl^  tissue  (2).  These  difficulties  are  magnified 
enormously  when  one  atteiTipts  to  interpret  a  similar  set  of  data  from  in  vivo 
studies.  It  is  well  established  that  administration  of  any  of  the  three 
hormones  evokes  compensatory  changes  in  systemic  levels  of  other  hormones  and 
metabolites,  which  in  turn,  markedly  alter  a  number  of  mebibolic  parameters 
(33).  Thus,  during  the  40-minute  experimental  period,  a  variety  of 
compensatory  changes  may  have  taken  place  which  could  have  complicated  the 
interpretation  of  the  observed  changes.  Furthermore,  the  contribution  of 
individual  organs  or  tissues  to  the  overall  production  of  ^^02  is  unknown. 
Presumably,  the  most  significant  hormonal  effects  occurred  in  the  liver, 
muscle,  and  kidney. 


In  the  course  of  ^^C-glucose  catabolism  through  the  glycolytic  pathway, 
pyruvate  can  enter  the  tricarboxylic  acid  (TCA)  cycle  via  two  different 
pathways:  (a)  by  condensation  with  C02»  catalyzed  by  pyruvate  carboxylase,  to 
form  oxaloacetate,  or  (b)  by  oxidative  decarboxylation,  catalyzed  by  pyruvate 
dehydrogenase,  to  form  acetyl  CoA.  In  the  latter  step  C-3  and  C-4  of  glucose 
are  releas^  as  cycle,  isocitric  dehydrogenase  and  alpha- 

ketoglutaric  dehydrogenase  release  C-2  and  C-5  of  glucose  during  the  second 
turn  of  the  cycle  and  C-1  and  C-6  during  the  third  and  subsequent  turns.  In 
the  conversion  of  oxaloacetate  to  phosphoenolpyruvate,  catalyzed  by 
phosphoenolpyruvate  carboxykinase,  C-2  and  C-5  are  released  as  ^*^002  after  the 
first  turn  of  the  cycle,  but  as  C-1  and  C-6  in  the  subsequent  turns.  In  the 
pentose  phospliate  pathway,  catalyzed  by  phosphogluconate  dehydrogenase,  C-1  of 
^^ucose  is  released  as  subsequent  reactions,  the  remaining 

CO2  is  metabolized  as  wruvate  through  the  TCA  cycle  (Figure  1).  The  rate 
at  any  mcament  at  which  CO2  is  produced  is  determine  by  the  specific 
radioactivity  of  the  precursor  carbon  destined  to  form  ■^^CO^  and  the  flux 
through  the  decarboxylation  reactions. 
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increased  in  vitro  formation  of  1^002  from  C-6  relative  to  C-1  glucose 
has  been  interpreted  as  increased  activity  of  the  TCA  cycle  (2).  Thus,  the 
results  of  our  study  suggest  tliat  glucagon  enhances  the  TCA  cycle  turnover. 
As  the  hormone  reduces  the  activity  of  acetyl  CoA  carboxylase,  the  key  enz^'me 
in  the  synthetic  pathway  of  fatty  acids,  an  increased  flux  of  pyruvate  through 
the  TCA  cycle  enhances  C-6  oxidation.  In  the  fasting  animal,  the  TCA-cycle 
turnover  i  ;  markedly  decreased  and  pyruvate  enters  the  cycle  primarily  as 
oxaloacetate  (34),  thus  increasing  the  amount  of  cycle  intermediates.  With 
respect  to  the  economy  of  the  starving  organism,  increasing  the  aiTiount  of  the 
TCA-cycle  intermeii  iates  from  pyruvate  and  therefore,  ultimately  from 
carbohydrate,  makes  sense,  since  these  intermediates  can  be  uscxi  for  synthesis 
<imino  acid  and  proteins.  This  process  further  dilutes  the  radioactivity  in 
CO2.  The  fed  rat  has  no  need  to  manufacture  amino  acids;  it  can  therefore 
afford  to  burn  the  pyruvate  directly  through  decarboxylation  and  reactions  of 
the  TCA  cycle.  Therefore,  a  large  fraction  of  observed  in  fasting  is 

likely  produced  by  conversion  of  oxaloacetate  ^o  phosphoenolpyruvate , 
catalyzed  by  phosphoenolpyruvate  carboxykinase  which  responds  to  glucagon 


(Table  5) . 
pathway,  a 
However,  in 
glucuronat  :■ 
atticht''i  to 
of 


is  the  glucuronic 
oxidized  to  CO 


ac  id 


Another  avenue  of  glucose  catabolism 
pathway  in  which  C-6,  but  not  C-l,,js 
this  study  no  effect  of  glucagon  on  ‘■■’CO2  formation 
■was  obsorvtxl.  It  would  app-'ur  the-  no  significance  cun  bo 
the  Qo.ntr  ibution  of  tin:'  glucuronic  icid  pathway  tc  iho  f  .  cr.atic  , 
ram  ri-*" 'C -g  I  aeerV'. 


2 

from  U-  o- 


I  4 

Iner  '.is.’d  oxidation  of  !-*■  C-qiucose  itxiuctxl  by  insulin  confirms  similar 
fiikliu  )s  01  otix'i's  (U),1K'  and  sug  i  .in  incroa  .  vl  activity  of  tixi  pentOG.e 
eyeba  This  conclusion  is  consist.on;.  with  tlx-  ellect  of  insulin  on  thi 
activit.y  of  g  lucose-M-pho.^phate  dehydr.x)en.rk‘. 
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Batii  insulir.  and  glucagon  stimulate  oxidation  of  2--^‘^C-giucose .  It  has 
been  demons"'' jt^l  tivit  rear  ran.;-". -"nt  of  glucose  catbons  occurs  via  the  [Xjntoso 
cycle  ',36;  .  C-2  of  gl'.cose  is  randomizexl  into  C-1  and  C-3  of  tructose-6- 

phosp’.iate  ,inJ  trierefore  into  C-i  and  C-3  of  glucose- 6 -phosphate  upon  the 


C-1  of  g lucose-6-phospliate  is  oxidized  to  CO^  in  the 


canpletion  of  tne  cycle. 

[>anto.‘3c-  cycle  and  3-3  in  the  TCA  cycle  (Figure  1).  Indeed,  in  vitro'^studies 
demonstratcxl  that  the  greatest  randonization  of  glucose  carbons  in  the  pentose 
cycle  occurs  in  the  presence  of  insulin  (37). 
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Both  epinephrine  and  glucagon  stimulate  oxidation  of  S-l^C-glucose. 
However,  the  stimulation  by  epinephrine  was  less  pronounced  than  that  by 
glucagon.  In  this  respect,  the  action  of  the  two  hormones  is  similar  to  their 
effect  on  the  activity  of  several  gluconeogenic  enzymes  {Table  7,  ref  38). 
Factors  such  as  the  dosage  level  of  epinephrine,  the  half-life  of  the  hormone, 
or  possibly  different  physiologic  mechanisms  may  account,  at  least  in  part, 
for  the  less  pronounced  effect  of  epinephrine,  in  comparison  to  glucagon,  on 
6-l^C-glucose  oxidation. 


Alterations  in  the  glucose  oxidative  pathways  were  accompanied  by 
pronounced  changes  in  the  activities  of  glycolytic  and  gluconeogenic  enzymes. 
In  general,  glucagon  and  epinephrine  stimulated  gluconeogenesis  and  decreased 
glycolysis,  whereas  insulin  enhanced  glycolysis  and  synthesis  of  fatty  acids 
and  reduced  gluconeogenesis.  The  rapid  and  antagonistic  effc'cts  of  tlie  thti. 
hormones  on  carbohydrate  metabolisn  are  consistent  with  the  previous  studie?; 
of  insulin,  glucagon  and  epinephrine  on  these  pathways  (5,6,38,39). 


Since  the  rate-limiting  step  in  the  glycolytic  pathway  in  the  liver  is  a 
phosphofructokinase  step,  the  rapid  change  in  the  activity  of  this  enzyme 
would  explain  the  effects  of  glucagon  aix3  insulin  on  glycolysis.  The 
activities  of  other  glycolytic  enzymes,  glucokinase  and  pyruvate  kinase  are 
also  rapidly  changed  in  a  reciprocal  manner  by  insulin  and  glucagon  (Figure' 
2,3).  Glucagon  and  epinephrine  act  as  inducers  of  the  key  gluconeojenic 
enzymes  glucose-6-phosphatase,  fructose-1 ,6-diphosphatasc  and 

phosphoenolpyruvate  carboxykinase  (Figure  3,4).  In  contrast,  insulin  acts  as 
a  suppressor.  It  is  well  established  that  carbohydrate  and  fat  metabolism  in 
liver  are  intimately  coupled.  The  synthesis  of  fatty  acids  is  maximal  in  tlu' 
livers  of  animals  Cod  a  high  carbohydrate  diet.  A  reverst'  sit.iiati(;n  is 
rapidly  obtained  upon  administration  of  glucagon  (8).  There  is  iiener.il 
agreement  that  the  limiting  step  in  the  synthesis  of  fatty  acids  is  it  thf 
level  of  acetyl  CoA  carboxylase.  In  this  study,  we  have  sliown  that  glucagtin 
or  epinephrine  and  insulin  exert  a  reciprocal  control  over  the  activity  of  th'‘ 
key  lipogenic  enzyme,  in  addition  to  the  key  enzymes  of  carbohydrate 
metabolism. 


The  effects  of  glucagon  and  epinephrine  on  enzyme  activity  are 
accompanied  by  a  significant  increase  in  the  concentration  of  cyclic  AflP, 
suggesting  that  the  effects  are  mediated  by  this  nucleotide,  presumably  by 
activation-deactivation  of  cyclic  AMP-dependent  protein  kinases  (40).  Indeoci, 
it  has  been  reported  that  glucagon  increases  the  extent  of  phosphorylation  of 
the  glycolytic  enzymes,  rendering  them  less  active  (41,42).  The  effect  of 
insulin  is  less  clear.  As  others  have  reported  (39),  insulin  does  not  proi.Uiei' 
a  change  in  cyclic  AMP,  suggesting  that  insulin  does  not  mtxii.ife  i ; 
intracellular  action  via  cyclic  AMP.  The  hormone  may  exert  Us  eff.ct  via 
several  mediators  different  from  c-AMP  (43). 
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It  is  important  to  extrapolate  the  activity  of  an  enzyme  assayei  in 
broken-cell  preparations  to  its  presumed  activity  in  the  intact  cell  or 
tissue,  particularly  when  the  enzyme  is  membrane- bound  or  latent,  atid  Ivnce 
subject  in  vivo  to  a  degree  of  constraint  difficult  to  predict.  This  prodban 
is  further  magnified  in  the  liver.  Several  studies  using  histocliemical 
techniques  or  microdissection  have  found  differences  in  the  distribution  of 
enzymes  among  hepatocytes  of  the  liver  acinus  (44-47).  According  to  these 
studies,  acinar  zone-1  hepatocytes  are  predominantly  engaged  in 
gluconeogenesis,  while  cells  in  acinar  zone  3  participate  predominantly  in 
glycolysis.  There  is  no  sharp  division  bet',^een  gluconeogenic  and  glycolytic 
hepatocytes.  Enzymes  corresponding  to  each  pathway  can  be  detected  in  both 
zones.  Only  the  predominance  of  one  or  another  rate-limiting  enzyme  system 
would  make  the  zone  either  gluconeogenic  or  glycolytic.  In  addition,  other 
parameters  that  have  not  been  determined  at  the  zone  level,  such  as  the 
concentration  of  substrates,  coenzymes,  activators,  inhibitors  and  oxygen  in 
each  zone  may  play  important  roles  in  determining  these  metabolic  fluxes  in 
vivo.  In  our  eyperiments,  tissue  samples  were  raixlanly  selected  from  the 
periphery  of  tile  liver  lobes,  thus  minimizing  the  variability  and  the  effect 
of  metabolic  zonation  on  the  outcane  of  this  study. 


CONIC!. US  IONS 

Tnc  s'.uly  demonstrates  that  insulin  acts  antagonist ical ly  to  glucagon  and 
-■p,  :  nr  i;u'  in  controlling  blood  glucose  concentrations  in  mamitils.  Tlie  rapid 

■  !!■;':•  of  •  nese  hoonones  on  blood  glucose  is,  at  beast  in  part,  explained  by 
.It  a  it  ions  in  tix>  activities  of  several  strategic  gly'colytic  arxl 
1 1' '  jg.  ni  7  triiz/me  systems  in  she  liver.  Accotpiiying  t'ne  rapid  changes  in 
•  :)zy''e  ici.iiities  are  pronounced  changes  in  tlio  flow  of  glucose  carbons  via 
ttie  t  r  icaiuoxyl ic  acid  and  the  pjentose  phosphate  cycles.  The  pres  it  stu:iy 
su  j  :.  nts  tiiat  in  vivo  oxidation  of  specific  cariions  'if  'jluc  jsc  ii  dip  ident  cn 
til'.'  r'.lativc  concentration.;  of  insulin,  glucagon,  aiul  epinephrine  in  trv 
ti';.;i.';s.  T’le  study  furtiier  suggests  tiiat  ti.e  •  ht  •ao  hormones  cac  >  d  mat.'- 
l-v  p-’/n  .  il  tr;  iC  m>ei:lvin  i  sus  to  pr'svent  or  coir  ^7•  h^  yog  iycenia  . 
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RECOMMENDATIONS 

The  critical  biochemical  and  physiolocjical  factors  affectinq  thi' 
concentration  of  plasma  glucose  in  humans  subjected  to  a  variety  of  stresses 
should  be  delineated. 
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APPENDI  X 

Table  1  Effect  of  Gluc.Kjon,  Insulin  and  Epinephrine  on  Plasna  Glucose  Levels. 
Table  2  Effect  of  Glucagon  and  Insulin  on  Glucose  Oxidation. 

Table  3  Effect  of  Epineplirine  on  Glucose  Oxidation. 

Table  4  Effect  of  Glucagon  on  1-^^-Glucose  and  6-^^C-Glucose  Oxidation 
in  Fed  and  Fasted  Rats. 

Table  5  Effect  of  Glucagon  on  the  Activity  of  Hepatic  Enzymes  and  Cyclic  AMP. 

Table  6  Effect  of  Insulin  on  the  Activity  of  Hepatic  Enz'j'mes  and  Cyclic  AMP. 

Table  7  Effect  of  Epinephrine  on  the  Activity  of  HeiXitic  Enzymes  and  Cyclic 
AMP. 

Figure  1  Metabolism  of  Glucose  via  the  Glycolytic  and  Pentose  Phosphate 
Pathways . 

Figure  2  Insulin  -ml  Enz/rc  Activity. 

Figure  1  Gluc.igon  uixl  Enzyine  Activity. 

Figure  ■»  Epinephrine  inJ  Enzyme  Activity. 
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METABOLISM  OF  GLUCOSE  VIA  THE  GLYCOLYTIC 
AND  THE  PENTOSE  PHOSPHATE  PATHWAYS 
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